degrons should be buried when they are assembled, but exposed when they fail to assemble. We 133 reasoned that tail-anchored membrane protein insertase complex, WRB and CAML, may be ideal 134 substrates to investigate this fundamental problem since both proteins are relatively small in their 135 sizes (20 and 33 kDa, respectively) with each having three TMDs ( Figure 1A , Figure S1A ). We first 136 tested whether these proteins are degraded when transiently expressed individually in HEK293 137 cells. The cycloheximide chase assay revealed that the expression of either WRB or CAML alone led 138 to degradation in a proteasomal dependent manner since the turnover could be inhibited by the 139 proteasomal inhibitor MG132 ( Figure 1B, C) . However, the co-expression of both WRB and CAML 140 slowed their degradation compared to when they were expressed separately ( Figure 1D ). We 141 surmised that the coexpression of WRB with CAML did not completely stabilize WRB and CAML 142 because of the inefficient assembly during their synthesis in the ER. To test this, we made a fusion 143 construct of WRB and CAML based on the topology of their yeast counterparts as previously 144 described (Wang et al., 2014). The yeast homologous fusion protein Get2-Get1 protein is functional 145 for TA protein insertion, suggesting that the predicted topology of CAML-WRB is likely correct 146 ( Figure 1A) . The expression of the CAML-WRB construct was very stable as no significant 147 degradation was observed within 2h of the chase period. (Figure 1E ). To confirm that the 148 degradation of WRB and CAML are ubiquitin-dependent degradation by the proteasome, we 149 immunoprecipitated the proteins from cells and immunoblotted them to detect HA-tagged 150 polyubiquitin chains. A strong smear of polyubiquitinated bands was observed when WRB or CAML 151 expressed alone compared to when they were expressed together or the fusion protein ( Figure 1F ). 152
To further determine the unassembled WRB and CAML were retrotranslocated as full-length 153 proteins into the cytosol, we isolated the cytosol fraction after cells were treated with MG132. The 154 full-length WRB and CAML could be detected in the cytosol when they were expressed separately 155 ( Figure 1G ). In contrast, CAML-WRB fusion or coexpression of both showed a little signal in the 156 cytosol, indicating that the assembled complex is not efficiently recognized by ERAD machinery. 157
The cells treated with a combination of both MG132 and an inhibitor of p97 ATPase (Magnaghi et 158 al., 2013) , which is essential to extract misfolded proteins from the membrane, served as negative 159 controls because unassembled WRB and CAML were not detected in cytosol fractions from these 160 cells. 161 162
C-TMDs with insufficient hydrophobicity serve as degrons when flipped into the ER lumen 163
We hypothesized that the unassembled membrane proteins must expose a degradation signal or 164 degron for recognition by ERAD. To investigate this, we focused on WRB as a model substrate. We 165 reasoned that the degron must lie in one of three TMDs of WRB since WRB lacks a prominent 166 luminal domain. Also, the cytosolic tryptophan-rich domain of WRB is functional without the rest of 167 the protein (Vilardi et al., 2011) . Therefore, we swapped one TMD at a time with a stable TMD from 168 either Sec61β or Ost4p (Figure 2A and Figure S1B ) based on the previously described protocol 169 (Wang et al., 2014) . Replacing the first TMD of WRB led to the degradation similar to the wild type 170 ( Figure 2B ). The second TMD swap exhibited a slightly faster degradation. Remarkably, swapping 171 the 3rd TMD resulted in complete stabilization of WRB, suggesting that the 3rd TMD contains a 172 degron ( Figure 2B ). The close inspection of the amino acid sequence of the C-TMD revealed that it 173 has a single positively charged lysine residue ( Figure 2C ). To test the lysine residue in the C-TMD is 174 required for the recognition by ERAD, we mutated lysine to hydrophobic leucine residue and 175 analyzed by protein turn over assay. In agreement with our view, the degradation of WRB (K164L) 176 was completely inhibited compared to the wild type ( Figure 2D ), confirming that the lysine residue 177 in the C-TMD serves as a degron. To our surprise, replacing the lysine residue with either a charged 178 residue or a hydrophilic residue caused destabilization ( Figure 2D ). These results suggested that 179 the lysine residue in the C-TMD of WRB is not the direct signal for degradation, but rather indicated 180 that the overall hydrophobicity of the C-TMD may play a role in recognition by quality control 181 factors. This led us to ask whether the C-TMD is properly inserted into the ER membrane since it 182 has a relatively low apparent free energy (ΔGapp=+2.28) (Hessa et al., 2005; Hessa et al., 2007) . 183 Accordingly, a negative value of free energy indicates that the sequence can be efficiently 184 recognized as a TMD by the Sec61 translocon and integrated into the lipid bilayer. Conversely, a 185 positive value of free energy indicates that the sequence is less efficiently inserted unless it is 186 helped by interactions with neighboring TMDs. To test if the C-TMD of WRB is flipped into the ER 187 lumen, we appended a glycosylation site (NFT) at the C terminus of WRB ( Figure 2E and Figure 188 S1C). Interestingly, about 37% of the C-TMD of WRB was flipped into the ER lumen ( Figure 2F ). The 189 glycosylated band of WRB was verified by the treatment with endoglycosidase H (Endo H). 190
Consistent with WRB without a glycosylation tag, the glycosylated (flipped) form of WRB was also 191 quickly degraded as shown by the pulse-chase experiment ( Figure 2G ). To verify the predicted 192 topology of CAML with N-terminus in the cytosol and C-terminus in the ER lumen ( Figure 1A) , we 193 appended an N-glycosylation motif to the C-terminus of CAML. As predicted, the majority of CAML 194 appeared to be correctly oriented in the membrane since its C-terminus was efficiently glycosylated 195 by the ER luminal glycosylation machinery ( Figure S2A ). Taken together, a lysine in the C-TMD of 196 WRB causes the flipping of the TMD into the ER lumen, thus allowing its capture by quality control 197 machinery. 198 partner protein CAML. We, therefore, monitored the dynamics of C-TMD flipping by performing 265 pulse-chase experiments. The cells expressing WRB constructs with short C-terminal tails were 266 briefly labeled and chased for three hours. Also, we treated cells with a p97 ATPase inhibitor during 267 the chase period to prevent retrotranslocation and degradation of WRB, thus allowing us to 268 quantify the flipped C-TMD without losing the signal from degradation. More than 20% of C-TMD of 269 wild type WRB containing a positively charged residue flipped into the ER lumen even during 270 labeling as shown by glycosylation, and that the remaining ~25% flipped post-translationally 271 during 3 h of chase period ( Figure 4A ). The C-TMD containing a negative charge residue (K164D) 272 also yielded a similar result ( Figure 4B ). In sharp contrast, the flipping of C-TMD of WRB (K164L) 273 with sufficient hydrophobicity occurred only during labeling, but it did not flip post-translationally 274 into the ER lumen during the chase period ( Figure 4C ). We then investigated whether the length of 275 the C-tail influences the flipping dynamics of C-TMD into the ER lumen. In contrast to the short C-276 tail, about 40% of C-TMD of WRB-Venus flipped into the ER lumen during labeling, and it did not 277 post-translationally flip into the ER lumen during the chase period ( Figure 4D ). Since a negative 278 charge in a TMD significantly increases its free energy value than a positive charge residue ( Figure  279 3A), more than 60% of the C-TMD of WRB (K164D)-Venus flipped into the ER lumen even during 280 labeling. Interestingly, a small proportion of WRB (K164D)-Venus was post-translationally flipped 281 into the ER lumen ( Figure 4E ). Similar to the short C-tail, the C-TMD of WRB (K164L)-Venus with 282 sufficient hydrophobicity flipped only during labeling but did not flip post-translationally into the 283 ER lumen during chase period ( Figure 4F ). Taken together our results suggest that both the 284 hydrophobicity of C-TMD and the cytosolic tail length contribute to the slow flipping of C-TMD into 285 the ER lumen. 286
287
The Sec61 translocon complex serves as a holdase for insufficiently hydrophobic C-TMDs to 288 allow efficient assembly with partner TMDs 289
We hypothesized that the slow flipping of C-TMD of WRB may provide a time window to facilitate 290 efficient assembly with its partner TMD from CAML ( Figure 5A ). Conversely, the C-TMD that either 291 quickly inserts into membrane or flips into the ER lumen may not have sufficient time to efficiently 292 assemble with its partner TMD from CAML. To test this, we performed CAML pulldown with WRB 293 constructs that vary in their hydrophobicity of C-TMDs. We noticed that coexpression of CAML with 294 WRB reduced the flipped form of WRB compared to when WRB was expressed alone, suggesting 295 that CAML can prevent the flipping of C-TMD into the ER lumen ( Figure 5B , input). Indeed, CAML 296 selectively co-immunoprecipitated with the non-glycosylated inserted form of WRB ( Figure 5B ). 297 Strikingly, the assembly of CAML with WRB (K164L), the C-TMD of which quickly flipped ( Figure  298 4C), was significantly lower than wild type WRB ( Figure 5B) . Surprisingly, replacing lysine with a 299 negatively charged residue in the C-TMD of WRB also assembled with CAML similar to the wild type 300 ( Figure 5B ). To exclude the possibility that the replacement of lysine to leucine in the C-TMD of 301 WRB interfered its assembly with CAML, we tested the interaction between purified CAML and 302 WRB protein in vitro. In contrast to the observation from cells, CAML efficiently interacted with 303 WRB (K164L) compared to the wild type ( Figure 5C ). This result emphasizes that the lysine residue 304 in the C-TMD is not directly involved in the assembly with CAML, but rather it facilitates the slow 305 flipping of the TMD into the ER lumen. We then investigated the effect of the C-terminal length of 306 WRB on assembly with CAML. We hypothesized that WRB-Venus may not assemble efficiently with 307 CAML since the larger C-terminal Venus tag facilitated a faster flipping of the C-TMD into the ER 308 lumen ( Figure 4E -F). To test this, we compared CAML assembly with either WRB constructs with 309 short tails or WRB constructs with large Venus tag. In support of our hypothesis, CAML efficiently 310 assembled with WRB containing short C-tails, but inefficiently assembled with WRB containing 311 large Venus tag ( Figure S5 ). We next asked whether the C-terminal length-dependent flipping 312 observed in Figure 3F would correlate with the assembly efficiency with CAML. To address this, we 313 performed interaction studies between CAML and WRB constructs harboring varied length of C-314 terminal tails. This result further supported our view that slow flipping WRB constructs that 315 contain less than 84 residues at their C-terminus assembled efficiently with CAML ( Figure 5D ). In 316 sharp contrast, faster flipping WRB constructs that contain more than 100 residues at their C-317 terminus very poorly assembled with CAML. This conclusion is further corroborated by the 318 observation that CAML levels were also stabilized upon co-expression of WRB constructs 319 containing less than 84 residues at their C-terminus ( Figure 5D ). 320
These findings thus far suggest that insufficient hydrophobic C-TMDs with short tails are 321 transiently retained by a membrane holdase and are flipped into the lumen when they failed 322 assembly with partner TMDs. We hypothesized that the Sec61 translocon may be a post-323 translational TMD holdase since it is responsible for recognizing the C-TMD right after its release 324 from the ribosome. To selectively enrich the post-translationally retained C-TMD in the Sec61 325 translocon, we used the translocon associated membrane protein Sec63 as a handle since it 326 occludes the ribosome binding to the translocon (Itskanov and Park, 2019; Wu et al., 2019) . for the C-TMD of WRB flipping into the ER lumen ( Figure S6 ). As expected, Sec63 formed a complex 330 with the Sec61 translocon as it was efficiently co-immunoprecipitated with the translocon (Figure  331 5E). In support of our hypothesis, C-TMDs of WRB constructs with insufficient hydrophobicity were 332 enriched with the Sec63/Sec61 translocon complex. In contrast, the C-TMD (K164L) with sufficient 333 hydrophobicity was weakly associated with the translocon even though it expressed higher than 334 other constructs ( Figure 5E ), thus explaining its poor assembly with CAML. Taken together our 335 results support a model in which insufficient hydrophobicity C-TMDs with short tails are retained 336 by the translocon, thus providing a sufficient time window for the assembly with partner TMDs. 337
338
The C-terminal length determines localization and degradation of orphaned membrane 339
proteins. 340
We next investigated the mechanism by which the flipped C-TMD is recognized by the ERAD 341 pathway. We tested the role of the conserved E3 ligase Hrd1 in recognition of unassembled WRB 342 constructs with shorter C-terminal tails. To our surprise, the pulse-chase experiment revealed that 343 WRB degradation was less dependent on Hrd1 E3 ligase as WRB was similarly turned over both in 344 control HEK293 cells and Hrd1-/-HEK293 cells created by CRISPR/Cas9 ( Figure 6A , B). To directly 345 monitor the turnover of the flipped C-TMD, we analyzed our glycosylation reporter construct of 346 WRB by the pulse-chase experiment. The degradation of the flipped form of WRB was also less 347 dependent on the activity of Hrd1 E3 ligase as it was turned over quickly both in wild type and 348
Hrd1-/-cells ( Figure 6C ). We also obtained a similar result when we replaced the lysine residue in 349 the C-TMD with aspartic acid ( Figure S7A ). We further tested whether Hrd1 independent 350 degradation of the flipped TMD with a short tail applies to other unassembled membrane proteins. Figure 6E ), arguing that Hrd1 E3 ligase does not seem to recognize a 359 specific charge residue in the flipped TMD, but rather recognizes the flipped TMD with the Venus 360 tag. Replacing lysine to leucine increased the hydrophobicity of C-TMD of WRB-Venus, which in 361 turn significantly reduced the flipping C-TMD into the ER lumen ( Figure 6F ). This construct was 362 relatively stable in both wild type and Hrd1-/-cells ( Figure 6F ). To ascertain our findings, we 363 repeated pulse chase experiments of WRB constructs using Sel1-/-cells, which is a subunit of the 364 Hrd1 E3 ligase complex. Consistent with our results from Hrd1-/-cells, we found that the turnover 365 of the flipped C-TMD with the Venus tag was dependent on Sel1, whereas the degradation of the 366 flipped C-TMD with a short tail was independent of the Sel1 activity ( Figure S8 ). 367
Since WRB constructs with a large C-terminal Venus tag are degraded in a Hrd1 E3 ligase 368 dependent manner, we assessed whether it can associate with Hrd1 E3 ligase by the 369 coimmunoprecipitation assay. Consistent with our protein turn over data, we found that Hrd1 370 selectively interacted with C-TMD containing charged residues (WRB or WRB (K164D)) but not 371
with sufficiently hydrophobic C-TMD (K164L), suggesting that the efficient flipping of C-TMD-Venus 372 into the ER lumen is required for the binding with Hrd1 ( Figure 6G ). We next asked how Hrd1 E3 373 ligase selectively recognizes the long C-tail of the flipped TMD, but not the C-TMD with short tails. 374
Since the luminal chaperone BiP is known to capture luminal misfolded proteins and deliver them 375 to the Hrd1 E3 ligase complex, we hypothesized that BiP may selectively bind to the flipped TMD 376
with a large C-terminal domain. To test this, we co-immunoprecipitated WRB constructs with short 377 and long C-tails and probed for their association with BiP. In support of our hypothesis, BiP only 378 interacted with WRB containing the large C-terminal Venus tag but not with WRB containing 379 shorter tails. This interaction likely occurs in the ER lumen since WRB (K164L), which does not flip 380 efficiently, interacted weakly with BiP compared to the wild type and K164D-Venus ( Figure 6H ). 381
Finally, we investigated the role of C-terminal length in the localization of unassembled membrane 382 proteins. Interestingly, confocal imaging of WRB or WRB-Venus revealed that WRB with a short C-383 tail decorated the nuclear envelope in addition to the ER localization. By contrast, most WRB-Venus 384 was localized in the ER with a small proportion localized in the nuclear envelope ( Figure 6I -K). 385
These results implicate that unassembled C-TMDs with short tails can freely diffuse into the nuclear 386 envelope since their inability to bind with BiP. In contrast, BiP efficiently captures C-TMDs with 387 large domains and delivers them to the Hrd1 E3 ligase complex for retrotranslocation into the 388 cytosol for the proteasomal degradation. 389
390

DISCUSSION 391
A large proportion of membrane proteins exist in multi-membrane protein complexes and they 392 serve fundamental roles in the cell physiology (Juszkiewicz and Hegde, 2018). However, it is poorly 393 understood how these newly synthesized membrane proteins find each other in the crowed and 394 extensive network of the ER membrane, which includes many competing factors such as 395 chaperone-linked quality control components (Brodsky, 2012; Wu et al., 2018) . In this study, we 396 uncover multiple new roles for the C-terminal tails of membrane proteins in insertion, assembly 397 and quality control of membrane proteins (Figure 7) . 398
To reveal the biochemical features that are necessary for both membrane protein assembly 399 and degradation, we chose to investigate the assembly of the tail-anchored membrane protein 400 complex comprising WRB and CAML proteins because of their smaller sizes, which can be 401 biochemically manipulated. Also, their assembly is mediated mainly through their transmembrane 402 domains (Vilardi et al., 2014) . While WRB contains three TMDs with N-terminus in the lumen and 403 C-terminus in the cytosol, CAML has three TMDs with N-terminus in the cytosol and C-terminus in 404 the lumen (Figure 7 ). Both proteins are robustly degraded when they failed to assemble in the ER 405 membrane. However, coexpression of both membrane proteins increases their stability by shielding 406 from recognition quality control factors for ubiquitination and retrotranslocation into the cytosol. 407
By performing a detailed domain mapping and mutagenesis studies, we identify that a single lysine 408 residue in the C-TMD of WRB is responsible for flipping the TMD into the ER lumen in the absence 409 of partner protein. A recent study suggests that the second and C-TMD of CAML also flipped into the 410 ER lumen in the absence of WRB (Carvalho et al., 2019) . Although it remains to be determined how 411 WRB fixes the orientation of CAML, this study also suggest that the C-TMD flipping is a prevalent 412 mechanism for unassembled polytopic membrane proteins. This notion is further supported by our 413 data that either the C-TMD of TRAPg or Sec61a flip into the ER lumen when it fails to assemble with 414 the partner protein. Our data derived from introducing a patient mutation in PMP22 suggested that 415 C-TMDs of polytopic membrane proteins that do not assemble with their neighboring TMDs can 416 also flip into the ER lumen. 417
Although the TMD flipping into the ER lumen has been reported by previous studies (Buck 418 We find that the flipping of C-TMD is not just due to less hydrophobic TMD, but rather its C-terminal 421 tail length determines the flipping of the TMD. Even a strong hydrophobic C-TMD does not 422 efficiently insert into the membrane and flips into the ER lumen if the C-terminus contains less than 423 60 amino acids. This is likely caused by the termination of translation before the C-TMD releases The C-terminal tail length plays a unique function in the case of C-TMDs with insufficient 430 hydrophobicity. As expected, these hydrophilic C-TMDs flips into the ER lumen, but their flipping 431 was more efficient when their C-terminal was extended longer than 100 residues. Our pulse-chase 432 experiments revealed that insufficiently hydrophobic C-TMDs with short tails exhibit a slow 433 flipping rate. This result is consistent with the previous study analyzing a single spanning 434 membrane protein TCRa, which continuously post-translationally enters into the ER lumen (Feige 435 and Hendershot, 2013). These data suggested that the slow flipping of less hydrophobic C-TMDs 436 into the ER lumen may provide a time window for the assembly with the partner protein. Indeed, C-437
TMDs of WRB that slowly flips into the ER lumen efficiently assemble with CAML. Previous studies 438 have shown that a charged residue in a TMD of membrane protein is often required for making an 439 ionic bond with an opposite charge in the partner TMD of membrane protein (Cosson et al., 1991; 440 Feige and Hendershot, 2013; Roushar et al., 2019) . Our data suggest that charged residues in TMDs 441 may also be evolved to interact with membrane protein holdases, thus allowing efficient assembly 442 with partner TMDs. 443
A large proportion of newly synthesized insufficiently hydrophobic C-TMDs with short tails 444 is initially localized in the membrane and slowly flips into the ER lumen. This data suggested that 445 the Sec61 translocon may post-translationally hold these TMDs. Indeed, we can demonstrate that 446 insufficiently hydrophobic C-TMDs can interact with the Sec61 translocon complex better than the 447 C-TMD with sufficient hydrophobicity. The interaction between insufficiently hydrophobic C-TMDs 448 of WRB and the Sec61 translocon correlates with the assembly efficiency with CAML. It remains to 449 be understood how CAML pulls the C-TMD of WRB from the Sec61 translocon. It is possible that the 450 first TMD of WRB, which is likely outside the translocon, may recruit CAML to the Sec61 translocon. 451
Interestingly, the endogenous level of CAML is estimated to be five times higher than WRB 452 (Colombo et al., 2016) , thus suggesting that CAML has a higher chance to release WRB from the 453 translocon complex. 454
We propose that our findings of C-terminal length influencing insertion, flipping and 455 assembly of membrane proteins are important to understand the biogenesis of 456 glycosylphosphatidylinositol (GPI) anchored proteins (Kinoshita and Fujita, 2016) . The GPI anchor 457 sequences are typically localized at the C-terminus of GPI anchored proteins. These GPI anchored 458 sequences are moderately hydrophobic with no or very short C-terminal tails. Similar to C-TMD of 459 WRB, the GPI anchor sequences are likely post-translationally recognized and slowly flipped into 460 the ER lumen. This view is supported by the previous studies that GPI anchored sequences cannot 461 be inserted into the membrane even when extending their C-terminus with additional cytosolic 462 sequences (Dalley and Bulleid, 2003) . It is tempting to suggest that GPI anchored sequences also 463 post-translationally retained by the Sec61 translocon, thus providing a kinetic time window for the 464 GPI anchor addition to the C-terminal end of a GPI anchored protein by the GPI transamidase 465 complex. However, this hypothesis needs to be tested in future studies. and delivered it to Hrd1 (Feige and Hendershot, 2013) . It remains to be addressed why BiP cannot 475 bind to the flipped TMD with a short tail. A possibility is that the flipped TMD with a short tail is 476 very proximal to the ER membrane, thus recognition by BiP is challenging. If BiP is unable to bind to 477 the flipped TMD, it can freely move to the nuclear envelope and presumably undergoes degradation 478 by the inner nuclear membrane quality control pathway. Indeed, it has been shown that many 479 unassembled ER membrane proteins are often mislocalized to the inner nuclear membrane and are 480 recognized by the Asi E3 ligase complex for degradation in yeast (Foresti et 
METHOD DETAILS 857
DNA constructs 858
All the constructs were created using the pcDNA/FRT/TO vector (Invitrogen). WRB-FLAG, WRB-859 HA, WRB-HA-NFT, WRB-FLAG-AP, CAML-FLAG, CAML-HA, CAML-HA-NFT, PMP22-HA, PMP22-HA-860 NFT, TRAPγ-HA, TRAPγ-HA-NFT, Sec61α-HA, and Sec61α-HA-NFT were generated using standard 861 molecular biology methods. pcDNA/FRT/TO containing the fusion of WRB and CAML was 862 constructed by including a 15 residues linker (ASGAGGSEGGTSGAT) between these genes using the 863 overlap PCR method. pcDNA/FRT/TO containing WRB-TMD1-swap-FLAG was constructed by 864 replacing WRB TMD1 (amino acids 9-29) with yeast Ost4pTMD (amino acids 10-28). WRB-TMD2-865 swap-FLAG was cloned by replacing WRB TMD2 (amino acids 100-120) with human Sec61β TMD 866 (amino acids 71-91). WRB-TMD3-swap-FLAG was generated by replacing WRB TMD3 (amino acids 867 149-169) with yeast Ost4p TMD (amino acids 10-28). WRB-HA-NFT-Venus was created by overlap 868 PCR with standard molecular biology methods. While the Pfu polymerase (Agilent Technologies) 869 was used for the site directed mutagenesis, the Phusion polymerase (NEB) was used for other PCR 870 reactions. pCDNA3 HA-Ubiquitin plasmid was described previously . The coding 871 sequences of all constructs were verified by sequencing (Yale Keck DNA Sequencing) to preclude 872 any sequence error. and treated with 2.5µg/mL puromycin for 72h to select the successfully transfected clones. Single-882 cell clones were isolated by plating at 0.5 cells/well in 96 well plates. Hrd1, Sel1, and Sec63 knock 883 outs were confirmed by immunoblotting. All the cell lines used in this study were not tested for 884 mycoplasma, but many cell lines were used in immunofluorescence assays with Hoechst staining 885 that should reveal presence of mycoplasma. Cells were assumed to be authenticated by their 886 respective suppliers and were not further confirmed in this study. However, knock-out lines were 887 routinely validated by immunoblotting. 888
To establish Sec63-/-HEK293 cells stably expressing Sec63-FLAG, 1.6μg of pOG44 vector 889 (Invitrogen) and 0.4μg of pcDNA/FRT/TO-Sec63-FLAG were transfected into Sec63-/-cells in a 890 well in the 6 well plate using Lipofectamine 2000 (Invitrogen). After 24h of transfection, cells were 891 transferred to 10 cm dishes and selected with 150 μg/ml hygromycin (Invitrogen) and 10μg/ml 892 blasticidin (InvivoGen, San Diego, CA). The selection medium was replaced every three days until 893 colonies appeared. The colonies were picked and the protein expression was evaluated by including a protease inhibitor cocktail (Roche). The lysate was cleared by centrifugation at 20,000g 940 for 15 min. The supernatant was mixed with either anti-HA magnetic beads or anti-GFP antibodies 941 for 2 hours with rotation in the cold room. After incubation, protein-A agarose was added to the 942 samples containing anti-GFP antibodies and incubated for 1 hour. The immunoprecipitates were 943 washed three times with 1 ml of RIPA buffer, and proteins were eluted with 2X SDS sample buffer 944 and run on 7.5% or 10% Tris-Tricine SDS-PAGE gels. The gels were dried and analyzed by 945 autoradiography. 946
In vitro translation and insertion 947
Transcripts encoding WRB-NFT-HA variants were obtained from in vitro transcription reactions as 948 
Immunoprecipitation 955
To examine the polyubiquitination of WRB or CAML, HEK 293-Flp-In T-Rex cells (0.6 x 10 6 /well) 956
were plated on poly-lysine (0.1mg/mL) coated 6-well plates and transiently transfected with 500ng 957 pCDNA3/HA-Ubiquitin plasmid with 1.5ug of the indicated constructs in the Figure 1 After 24 hours 958 transfection, cells were harvested in RIPA buffer containing a protease inhibitor cocktail (Roche) 959 and 2mM N-ethylmaleimide. After centrifugation at 20,000g for 10 min, the lysates were incubated 960 with rat anti-FLAG beads (Biolegend) for 1.5 hours. The beads were then washed with 1ml of RIPA 961 buffer for 3 times. The washed beads were directly treated with 50µL 2x SDS sample buffer and 962 boiled for 5 minutes followed by immunoblotting with anti-HA and anti-FLAG antibodies. 963
To probe the interaction between CAML and WRB variants in Figure 5 To test the interaction between WRB variants and Sec63 in Figure 5E To test the interaction between WRB-NFT-Venus variants and the endogenous Hrd1 in 983 Figure 5 ). The C-TMD with a long tail inefficiently assembles with the partner TMD.
Figure S5 (related to
The indicated WRB-HA-NFT or WRB-HA-NFT-Venus variants were co-transfected with CAML-FLAG into HEK293 cells and immunoprecipitated with anti-FLAG beads. The resulting samples were analyzed by immunoblotting with anti-FLAG antibody (CAML) and anti-HA antibody (WRB-HA-NFT and WRB-HA-NFT-Venus variants). The band intensity was quantified by Image J, and the ratios of IPs to inputs were calculated. The IP enrichment of WRB-NFT wild type was taken as 100%. non-gly. 
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